In this paper, we introduce a decode-and-forward multi-hop hybrid free-space optical/radio frequency (FSO/RF) system. The FSO link is assumed to follow Gamma-Gamma distribution with the combined effects of pointing errors and path loss under intensity modulation with direct detection technique, and the RF link is assumed to follow Nakagamim distribution. In particular, we derive closed-form expressions for the outage probability and ergodic capacity and analyze the system performance under the effect of different weather conditions in addition to the effect of pointing errors. The results show that the multi-hop hybrid system improves the performance even under adverse weather conditions and strong pointing errors. Furthermore, Monto Carlo simulations are provided for validation.
Introduction
To satisfy the demands on multimedia services in the 5th generation of wireless networks, high data rate techniques are required. Free-space optical communication (FSO) is considered to be one of the most promising high-rate communication techniques because of its wide bandwidth, free licensing, high security, and simple and fast installation [1] . However, when the FSO signal propagates through the atmosphere, it is affected by weather-dependent atmospheric phenomena such as absorption, scattering, and atmospheric turbulence, in addition to the pointing error which is the misalignment between the transmitter and the receiver. The effects of both pointing errors and atmospheric turbulence have been studied in many works [2] - [6] . The performance of the single FSO link was analyzed using different metrics, and it was found that the performance degrades under severe weather conditions and pointing errors. In order to improve the FSO link performance and increase its reliability under different weather conditions, the FSO link can be combined with the RF link to form a hybrid FSO/RF system. This hybrid transmission system has two switching configurations, soft and hard. In soft switching, both links are active at the same time [7] - [9] . Whereas in hard switching, only one link is active at a time [10] - [12] . Soft switching is able to provide better performance than hard switching, especially in low signal-to-noise ratio (SNR) cases. However, its operation is much complex since it requires a combining technique in the destination. Although it was proved that the hybrid technique with direct transmission could improve the performance, it only works well under the existence of a line-of-sight (LOS) link between the transmitter and receiver and over a few kilometers distance. To solve this issue and extend the coverage area, the relaying technique has been introduced. FSO system with serial relays has been studied in [13] - [17] . The average BER performance of the multi-hop FSO system under weak and strong turbulence with pointing errors was investigated in [14] and [15] using decode-and-forward (DF) and amplify-andforward (AF) relaying respectively. In [17] , performance analysis of multi-hop FSO system with AF relaying over Malaga turbulence channel and pointing errors was presented. The idea of using serial relays in hybrid FSO/RF systems was proposed in [18] . The authors investigated only the outage probability of the hybrid multi-hop FSO/RF system with DF relaying and assumed that the FSO link is modeled by log-normal distribution which represents the weak turbulence, and the RF link is modeled by Rician distribution which includes LOS fading only. Also, the effect of strong turbulence and misalignment is not considered. In [19] , DF RFFSO multi-hop and mesh networks with multiple-input-single-output (MISO) RF was investigated in terms of outage probability and ergodic rates with and without hybrid automatic repeat request (HARQ). In [20] , the performance of a DF dual-hop hybrid FSO/RF system with maximal ratio combining (MRC) at the destination was analyzed in terms of outage probability and average symbol error rate (SER) where the FSO link is modeled by Gamma-Gamma distribution and the RF link is characterized by Nakagami-m fading. The effect of pointing errors on the system performance was investigated in [21] . Recently, the authors of [22] investigated the performance of an AF multi-hop FSO system with only a direct backup RF link in terms of ergodic capacity, where the FSO channel is assumed to follow Gamma-Gamma distribution and the RF channel is represented by Rayleigh distribution.
In this paper, we introduce a DF hybrid multi-hop FSO/RF system with hard-switching configuration under intensity modulation with direct detection (IM/DD) technique. Gamma-Gamma distribution is assumed for modeling the FSO links, where it represents the weak to strong turbulence, and Nakagami-m distribution for modeling the RF links, where it represents LOS and non-LOS channel fading. Unlike the above works with hard-switching configuration, our work has no restriction over the number of hops in the hybrid system. In addition, the effects of strong turbulence, pointing errors, and path loss are taking into account under different weather conditions. Furthermore, we derive the exact closed-form expression for the outage probability and new exact closed-form expression for the ergodic capacity in terms of bivariate Foxs H function, which is already implemented in the literature using Matlab [23] , or Python [24] . These derived expressions are used to obtain numerical results to show the performance of the system, and Monte Carlo simulations are used for validation.
The rest of this paper is organized as follows. The system and channel models are introduced in Section 2. End-to-end expressions for outage probability and ergodic capacity of the considered system are derived in Section 3. Some numerical and simulation results are presented in Section 4, and finally, the conclusion is presented in Section 5.
System and Channel Models
We consider a multi-hop hybrid FSO/RF system as shown in Fig. 1 . The source communicates with the destination through N − 1 half-duplex serial relays R i (i = 1, . . . , N − 1) which employ DF relaying. In each hop, high priority is given to the FSO link for transmission if its quality is above an acceptable level. Otherwise, the RF link is used. Therefore, each receiving node has a 1-bit feedback RF channel to notify the previous node if the switching is required over this hop.
For the FSO link, the received signal at R i is given by
where η i is the responsivity of the receiver, x F SO is the signal intensity of i th hop of the FSO link with average power P F SO ,i , n F SO ,i is the additive white Gaussian noise (AWGN) with zero mean and variance σ 2 n,F SO , and h F SO ,i is the channel state of the i th hop. In our system model, the channel state is defined as
which represents path loss, pointing errors, and atmospheric turbulence respectively.
The instantaneous electrical SNR γ F SO i of the i th hop of the FSO link with IM/DD is given as
is the average SNR, A 0,i and ξ i are two parameters related to pointing errors, and h l F SO ,i is the path loss which is described by the exponential Beers-Lambert law as h l F SO ,i = e −σ L i where σ is the attenuation factor, and L i is the distance of the i th hop [25] . The FSO link is assumed to follow Gamma-Gamma distribution under IM/DD with phase shift keying (PSK) modulation scheme. Taking into account the effect of both pointing errors and path loss, the probability density function (PDF) γ F SO i is given by [12] 
where
is the gamma function, G ·,· ·,· (·) is the Meijer G function, φ i = w L eq ,i / 2 σ s,i is the ratio between the equivalent beam radius w L eq ,i and the standard deviation of the jitter σ s,i at the receiver, and α i & β i are the atmospheric parameters which represent the effective number of the small and large eddies of the scattering process. Assuming a plane wave propagation, α i and β i are given by [26] 
n is the refractive index structure, and λ F SO is the FSO wavelength. The parameter w L eq ,i is related to the beam waist w L ,i as w 2
is the error function, and a is the radius of the detector aperture. The parameter A 0,i represents the fraction of the collected power at radial distance 0 and defined as
The beam waist of a laser beam with Gaussian profile is defined as [27] w L ,i = w 0,i ( 0 + 0 ) 1 + 1.63 σ
where 0 = 1 − L i / F 0 , 1 = 0 / ( 2 0 + 2 0 ), 0 = 2 L i / k w 2 0,i , w 0,i is the beam waist at the transmitter, and F 0 is the curvature radius.
The cumulative distribution function (CDF) of γ F SO i can be obtained, by substituting (3) 
For the RF link, the received signal at R i is given by
where x RF is the signal intensity of i th hop of the RF link, P RF ,i is the average power, n RF ,i is AWGN with zero mean and variance σ 2 n,RF , and h RF ,i is the channel state which is defined by
RF ,i are the path loss and fading coefficient respectively. At the 60 GHz, the path loss can be expressed as [29] h l RF ,i = G t + G r − 20 log 10
where λ RF is the RF wavelength, G t and G r represent the antennas gains of the transmitter and receiver respectively, α oxy is the attenuation coefficient of the oxygen absorption, and α rai n is the attenuation coefficient of the rain scattering. The instantaneous SNR of the i th hop of the RF link is expressed as
where the average SNR is given byγ RF i = P RF ,i h l RF ,i / σ 2 n,RF . The fading coefficient of the RF link is assumed to be subject to Nakagami-m fading. Therefore, the PDF of γ RF i is given by
where m i is the fading parameter (m i ≥ 1 2 ). Using [30, Eq. (11) ], The PDF can be expressed in terms of Meijer-G function as
The CDF of γ RF i can be obtained, using (12) 
End-to-End Performance Analysis

Outage Probability
The outage condition of the considered system occurs if the received SNRs of at least one hybrid hop are below predefined SNR threshold γ th . Therefore, the end-to-end outage probability can be expressed by
Based on the system description, the outage probability of the i th hybrid hop is given by
The outage probabilities of the i th hop of both the FSO and the RF links can be obtained by setting γ = γ th in (7), and (13) as
Ergodic Capacity
It is an important performance metric in the design of the FSO system. Based on the system operation and according to the min-cut max-flow theorem, the end-to-end ergodic capacity of the DF multi-hop hybrid FSO/RF system can be expressed as [31] , [32] 
where P F SO out,i (γ th ) = F γ FS O i (γ th ), andC F SO i (γ th ), andC RF i (γ th ) are the capacities of the i th hop of the FSO link and the backup RF link which are expressed as
where W F SO , and W RF are the bandwidth of the FSO link and the RF link respectively. The capacity of i th hop of the FSO link can be rewritten using (3) 
To the best of our knowledge, the solution of the integral in (20) is not available in exact closed-form nor in terms of the bivariate Fox's H function because of the change in the limit of the integral. Therefore, first, we make variables change where the integral in the right side of (20) becomes (21) is converted into an integral in two complex planes as follows
Finally, we utilize the definition of the H-function of two variables [34] , the capacity of i th hop of the FSO link can be obtained as
where H .,.:.,.:.,. .,.:.,.:.,. (·, ·) is the bivariate Fox's H function. Similarly, the capacity of i th hop of the RF link can be rewritten by substituting (12) into (19) , and using [28, Eq. (07.34.03.0456.01)], as
Following similar steps of solving the integral in (20) , yields
where our solution is unique and valid for both integer and non-integer values of m.
Numerical and Simulation Results
In this section, numerical results are presented to examine the system performance using the derived expressions. Moreover, Monte Carlo simulations are provided for validation. The parameters of weather conditions and the multi-hop hybrid system are given in Tables 1 and 2 [18] , [35] , [36] . Without loss of generality, we assume that all SNRs per hop are equal. In addition, the jitter standard deviation σ s is set to 30 cm except for Fig. 3 and 7 , the total distance L = 4 Km, the SNR threshold γ th = 10 dB, and the number of hops N is fixed at 3 except for Figs. 5 and 8. Figs. 2 and 3 depict the outage probability of the DF multi-hop hybrid system for different weather conditions versus the transmitted power of the FSO link P F SO and the total link distance, respectively. From Fig. 2 , one can see that exploiting the RF link improves the outage performance of the multihop hybrid system when compared to the multi-hop FSO system, and that probability is the least as expected under clear air weather condition. It is also observed from Fig. 3 that the outage probability of both systems increases with the increase of the total link distance for a fixed number of hops. However, the hybrid multi-hop system offers better outage performance than the multi-hop FSO Fig. 3 . Outage probability for a 3-hop hybrid system versus total link distance with P F SO = 10 dBm. Fig. 4 . Outage probability for a 3-hop hybrid system versus the transmitted power of the RF link with P F SO = 8 dBm for different value of σ s . system under the same number of hops. On the other hand, for the same outage probability, the hybrid multi-hop system can increase the total transmission coverage. For example, to achieve the outage probability of 10 −4 under clear air weather condition, the total transmission range is 2 Km for the non-hybrid system and about 3.8 Km for the hybrid multi-hop system.
The outage probability of the multi-hop hybrid system versus the transmitted power of the RF link P RF with different values of the jitter σ s is presented in Fig. 4 . It is noticed that the outage probability increases as increasing the value of σ s (i.e. increasing the pointing errors). However, that effect is not obvious under severe weather conditions such as heavy haze, as the attenuation is dominated by the weather condition.
The effect of increasing the number of hops on the outage performance of the multi-hop hybrid system for different weather conditions and fixed total link distance is illustrated in Fig. 5 . As expected, the outage probability decreases as increasing the number of hops. Since the turbulence variance and the path loss depending on the distance, increasing the number of hops will improve the performance due to decreasing the distance per hop. For example, for moderate haze weather In Fig. 6 , the ergodic capacity of the multi-hop hybrid system for different weather conditions versus the transmitted power of the FSO link P F SO is presented. For comparison purposes, the ergodic capacity of the multi-hop FSO system is also presented. From the figure, one can notice that the ergodic capacity of the multi-hop hybrid system outperforms that of the multi-hop FSO system especially at low values of P F SO and heavy haze weather conditions. This is due to the fact that at low values of P F SO the good quality RF link is activated and used more frequently than the FSO link. Then when the value of P F SO increases, the ergodic capacity of the multi-hop hybrid system decreases slightly because of using a low-quality FSO link. As the value of P F SO increases further, the FSO link's quality improves and becomes the main link for transmission, which leads to an increase in capacity. Fig. 7 presents the ergodic capacity of the hybrid multi-hop system for moderate haze and clear air weather conditions versus the jitter σ s . In addition to the observation from Fig. 6 , increasing the pointing errors affects the capacity performance of both hybrid and non-hybrid multi-hop systems Fig. 7 . Ergodic capacity for a 3-hop hybrid system versus jitter σ s with P RF = 6 dBm and P F SO = 6 dBm. and this effect is more noticeable in clear air weather condition than in moderate haze condition. For instance, the ergodic capacity of the hybrid multi-hop system under moderate haze condition degrades by 7% when the jitter σ s changes from 0.1 to 0.9 m, whereas it degrades by 10% under clear air condition. Fig. 8 illustrates the ergodic capacity of the multi-hop hybrid system for heavy haze weather conditions versus the transmitted power of the FSO link P F SO for a different number of hops. Expectedly, as the number of hops increases, the ergodic capacity increases. For example, at P F SO = 5 dBm, the ergodic capacity gain of the multi-hop hybrid system increases by 51% as increasing the number of hops from N = 2 to N = 4.
Finally, the excellent agreement between the analytical and simulations results in Figs. 2-8 confirms our derivations.
Conclusion
In this paper, the performance of the DF multi-hop hybrid FSO/RF system was studied over Gamma-Gamma turbulence and Nakagami-m fading with taking into account the effect of pointing error and path loss. Closed-form expressions for the performance metrics of the hybrid multi-hop system in terms of outage probability and ergodic capacity were derived. Moreover, the outage probability and ergodic capacity performance under different weather conditions were investigated. The results illustrated how much gain we could achieve when using multi-hop transmission and hybrid technique. The effect of the jitter on the system performance was also studied, and it is concluded that increasing the jitter level degrades the system performance, however, this degradation is less in the hybrid FSO/RF system.
For future work, we will investigate the relay node placement and optimize the required number of hops for the multi-hop hybrid FSO/RF system.
